In previous papers we have described the location in man of the spinal pathways subserving sensation from the lower bowel and the motor aspects of defaecation (Nathan and Smith, 1953) , and the spinal pathways subserving sensation from the bladder and urethra (Nathan and Smith, 1951; Nathan, 1952) .
It remains now to show the location in the spinal cord of the pathways used in the conscious control of micturition and those used for the coordination of bladder functioning.
Historical
The location of these fibres in the spinal cord both of man and other animals has been relatively neglected. Most observers who have studied the functional anatomy of micturition have considered the peripheral nerves of the bladder, the effects on the bladder of total transverse lesions of the spinal cord, and they have studied those centres in the brain, stimulation or lesions of which affect the tone and other reflex activity of the bladder. The first worker to investigate the location of the tracts subserving micturition was Budge; he worked on the subject in 1842 and published his results and conclusions in 1864. He obtained bladder contractions in the dog, cat, and rabbit by electrically stimulating the cerebral peduncles, the inferior cerebellar peduncles, and the region between these peduncles and the calamus scriptorius. In one animal, he cut through the posterior columns, and obtained contraction of the bladder, rectum, and Fallopian tubes from stimulating the rest of the spinal cord; he concluded that the descending pathway must lie in the anterior half of the cord. Mosso and Pellacani (1882) criticized Budge' s work, as they found that his mode of stimulating the cord was bound to cause much spread of the current. They induced bladder contractions in the dog by painfully compressing the paws. To determine the spinal course of the tract conveying impulses giving rise to these contractions, they carried out various partial sections of the cord. Their conclusions were: " Dans les cordons anterieures de la moelle et dans la partie anterieure des cordons lateraux, il ne passe pas de fibres motrices de la vessie." Stewart (1899) , who worked on the cat, found that " bladder contractions can be produced by stimulating the cord at any point"; and he also found that " stimulation of the cord often causes an already contracted bladder to relax ". He came to the conclusion that, " Above the vesical centre . . . impulses pass down the cord in the posterior half of the lateral columns only. . . Below the level of the centre the impulses were shown to pass in the lateral columns." He placed the vesical centre in the lumbar cord. Spiegel and MacPherson (1925) found that in the cat complete section of the anterior and posterior columns failed to interrupt the pathway; and they concluded, by increasing the area of cord sectioned, that the fibres subserving bladder contraction must run in the lateral columns. Further work on this subject in the cat led Hunsicker and Spiegel (1933) to conclude that the descending corticofugal tracts to the bladder are conveyed both by pyramidal and extrapyramidal pathways.
In our opinion, the best work on the location of the tracts subserving micturition is that of Barrington (1933) . He summed up the results of his work, in 1948, as follows:
at the first and second cervical segments. They came to the conclusion that the descending tract mediating impulses to the bladder lies at this level in the antero-lateral column. Levin and Langworthy (1937) showed that lesions in the cat's tegmentum, not involving the cerebral peduncles and thus sparing the cortico-spinal tracts, cause increased responses of the detrusor musculature to stretch and to " peripheral stimulation in the sensory domain of the sacral and coccygeal segments ", changes which eventually lead to a decreased vesical capacity. Later, Langworthy (1940) showed that electrical stimulation of the cortico-spinal tract causes bladder contraction. Thus, Langworthy has brought forward evidence that there are pathways both within and without the cortico-spinal tract in the cat which are concerned with bladder functioning. Tower (1940) , however, found in the monkey that dividing the cortico-spinal tract bilaterally caused " no urinary or faecal incontinence or retention ".
Thus, the evidence for the location of the descending pathways to the bladder centre in the cat is fairly consistent: the pathways lie in the lateral column of the cord. It is not agreed whether the fibres lie in the dorsal or ventral parts of these columns. The evidence indicates that some of the fibres run with the cortico-spinal tract and some run outside this tract.
Before the turn of this century, no mention of the location of these tracts within the human spinal cord had been made. In 1900, von Czyhlarz and Marburg wrote that the tracts connecting the cerebrum with the sacral cord " seem to run in the neighbourhood of the pyramids. But in order to get permanent disorder of bladder function, it seems that both pyramids must be damaged, and damaged to a large extent ". Nineteen years later, Muller (1918) And in 1926, Dennig wrote that doubt might be cast on the hypothesis that the motor tract in man lies in a similar position to that which it occupies in animals. He wrote that lesions of the spinal cord giving rise to severe disorders of micturition may not involve the lateral cortico-spinal tracts, and that lesions of the lateral cortico-spinal tract may cause no disorders of micturition. He pointed out, however, that it is hazardous to draw conclusions from clinical conditions, for the upper motor neurone lesion might not involve the nerve supply to all muscle groups.
The first workers to present any experimental work on man designed to show the location of these tracts were Foerster and Gagel (1932) . They stated in their text that bilateral cordotomy " repeatedly" gave rise to retention of urine, although the retention was always temporary. They drew the conclusion that:
" the descending tract in the spinal cord subserving bladder innervation runs partly in the antero-lateral column. This conclusion has to be drawn from the retention of urine that initially follows the operation.
But vesical tracts must also run in other columns, for even after the most complete bilateral anterolateral cordotomies, the bladder behaviour shows complete recovery."
It must be pointed out, however, that this part of their study of the effects of cordotomy is inadequate, and that the very short case histories appended to their text do not always support the conclusions they drew. In their paper there are 17 cases of bilateral cordotomy; in two of these cases the state of micturition of the bladder is not mentioned. In a further six cases the evidence presented does not give support to the statements they made. In one case, due to collapse of the vertebrae, there was retention of urine before the cordotomy; and in another case the collapse of the vertebrae occuLrred one week after the cordotomy, making further observations on the effects of cordotomy impossible; another patient died one week after the operation. Two patients died three months and eight months respectively after the cordotomy, from cystopyelitis -a condition which usually follows paralysis of the bladder. A further patient two months after the cordotomy still had retention of urine. Langworthy and Lewis (1935) concluded from two cases of disseminated sclerosis which they studied in detail (unfortunately without obtaining postmortem evidence), that their patients' urgency and frequency of micturition was related to " damage to the lateral columns of the spinal cord in the neighbourhood of the cortico-spinal tracts ". In 1940, Langworthy, Kolb, and Transection of the cord interrupts the sensation of pain from the bladder and the normal sensation underlying the desire to micturate, and the control of micturition permanently; but the behaviour of the automatic bladder, cut off from impulses arising above the spinal cord, is a changing one. This changing course of reflex and postural activity is usually considered to pass through three stages; these will now be briefly considered.
Most writers on this subject write of the state of the visceral musculature of the bladder as being regulated by the same factors that regulate the state of the somatic musculature. This is an assumption. Whether this assumption is justified will not be considered here, as it does not influence the observed behaviour of the bladder.
The bladder, like all muscle, has tone or posture.
Posture was designated by Sherrington (1915) the medulla oblongata, so in the bladder there follows a stage of increased reflex activity; reflexes are increased in the sense that they fire off with lesser stimuli and that the resultant contraction is larger and longer lasting. There is spasticity-an increased resistance to passive movement. In the bladder, this can be made apparent by filling the viscus so as to stretch the musculature, while the pressure is recorded. This spasticity is thought to be due to increased reflex activity, the result of heightened stretch reflexes. Cystometrography at this time shows a more active detrusor musculature; the tone is increased, the pressure curve rises very steeply compared with the normal, and there are sharp waves of increased pressure. When these sharp waves occur, the sphincter mechanism of the bladder and urethra relaxes. Periodic micturition now occurs; and the urine can be manually expressed with relative ease. Thus, retention of urine with decreased reflex activity changes to periodic automatic micturition. This periodic micturition can be so efficient that the bladder may expel all its contents. Eventually, posture, as designated by Sherrington above, becomes conspicuously absent; for much spontaneous change in pressure occurs with a constant volume of fluid. The pressure is constantly high with a small volume of fluid;forinstance, 75 ml. of fluid may be held at a pressure of 100 cm. of water. The reaction of the bladder musculature is now greatly enhanced. Sudden contractions of the musculature often expel the catheter as well as the urine. Anything causing the slightest increase in tension on the bladder musculature, such as a rise in intra-abdominal pressure, or a slight movement, gives rise to the micturition reflex-contraction of the detrusor with opening of the sphincters and expulsion of urine; but this reflex is inadequately sustained, so that although small amounts of urine are spurted out, large amounts often remain in the bladder. When the pressure of the bladder is very high, these reflex expulsions of urine may lead to the wrong conclusion that urine is dribbling away continuously, as with a patulous sphincter. Cystometrography at this time shows a steeply rising curve in nearly all cases; however, in a few cases the curve remains flat once a certain high level has been reached.
The normal coordination between the detrusor musculature and the sphincter musculature is severely disturbed. Denny-Brown and Robertson (1933) have suggested that this is partly due to the fact that intercurrent stimuli from the lower part of the body cause a sudden reflex shutting of the sphincter with consequent cessation of micturition before the bladder has been emptied.
The progress through these recognized three stages is gradual. Stage I is the stage of absence of detrusor contractions and of the micturition reflex; Stage II is the stage of spasticity with a steeply rising cystometrographic curve; and Stage III shows the features of Stage II in more pronounced form; there is intense spasticity, vigorous contractions of the detrusor being evoked by small quantities of urine and by intercurrent stimulation of the more caudal parts of the body. This manner of considering the progress of bladder functioning as passing through three stages will be followed here, as it allows our work to be compared with previous work, and as it permits more concise presentation of our results.
Effects on Bladder Functioning of Cutting Spinal
Pathways Subserving Micturition It was said above: " When all the tracts subserving micturition have been divided, the resulting disturbance of function resembles that which occurs when the spinal cord has been totally divided." The slight differences in bladder functioning when the cord has been divided and when the spinal tracts specifically subserving micturition have been divided will now be considered.
(a) Sensation.-Patients with division of the tract conveying impulses subserving the normal sensation of the desire to micturate have nevertheless various other ways of finding out when the bladder is full and when it is going to evacuate its contents automatically. This aspect of the subject has been investigated and discussed by Nathan and Smith (1951) and by Nathan (1956 a and b) .
(b) Conscious Control.-The ability to control consciously the levatores ani, and in particular their anterior parts, the pubo-coccygeus muscles, and the external sphincter is lost. How far this loss interferes with the ability to start micturition is not really known. In normal micturition the neck of the bladder descends in the pelvis and the anterior parts of the levatores ani contract and the detrusor contracts at about the same time; Nesbit and Lapides (1948) have shown that bilateral pudendal nerve block does not interfere with the ability to start micturition. With regard to stopping micturition, the external sphincter is important, and they showed that bilateral pudendal nerve block does interfere with this mechanism. It seems that one may state that without control of the perineal musculature the patient cannot start or stop micturition in a normal manner. However, such a patient when micturition has reached Stages II and III, may be able to empty his bladder, at least partially, by inducing a reflex contraction of the detrusor. Various ways of doing this are found by patients; they may press on the abdomen, hold the breath and strain, or they may flex the thighs and trunk. Although such a patient cannot actively stop micturition, it can often happen that micturition continues only as long as straining is sustained, and in such a case the patient can stop micturition merely by ceasing to strain. The normal inhibition of the rising pressure exerted by the bladder musculature, which is a feature of bladder control, can in no way be substituted when the relevant tract is divided. It is important to realize that the paralysis of the muscles of the pelvic floor and of the perineum can occur without any concomitant paralysis of the lower limbs, and with some neurological lesions one can find severe paralysis of the lower limbs with minimal involvement of the movements of the musculature of the pelvis and perineum.
(c) Postural and Reflex Activities.-There is no difference in these activities in those cases in which the cord is totally divided and in those in which only the relevant tracts in the cord are divided.
Such are the features of the functioning of the bladder to be found when the tracts within the spinal cord subserving micturition are divided. They can be made manifest in an acute experiment-observing the posture or tone of the bladder during the operation of dividing the relevant pathways in the cord, and in a chronic experiment-day-to-day observations of the postural and reflex activities after these tracts have been divided. Observations will not be made here on the sensory aspect of the subject as it has been considered in previous papers.
Methods of Investigation
Both the clinical and the histological methods of investigation employed were described in our previous paper on the afferent pathway in the cord (Nathan and Smith, 1951 From these three cases-the two described immediately above and the one given to show the acute effects of dividing the tracts-deductions can be drawn on the location of the fibres used in the control and coordination of micturition. These cases were typical of the group; 16 of the 21 studied showed this complete syndrome. The smallest area of degenerating fibres common to the six sides of the three cords presented must contain the majority of the centrifugal fibres concerned in micturition. It can be seen from Figs. 2, 4, and 5 that this area lies on the equatorial plane of the cord. In all the cases in which there was the complete syndrome, the lesions involved this region of the cord. In five other cases the typical syndrome was present for weeks, and then there was more recovery from this state than is usually found with complete lesions. It was interesting to note that in these cases the lesions made at operation did not involve this region as completely on both sides of the cord as it did in those cases with the complete clinical syndrome.
We thus conclude that the majority of the centri- In most of our cases, and in those presented so far, the lesions were made in the thoracic cord. In one case the incisions were made at the fifth and sixth cervical segments, and in two cases at the first and second lumbar segments. The location of the lesions in these three cases showed that the efferent pathway lies in the same region of the lateral columns in these parts of the cervical and lumbar cord as it does in the thoracic cord.
More evidence that the pathways lie in this part of the cord can be obtained from those patients who did not have the syndrome of complete division of the tracts but showed a part of the syndrome or more recovery from the stages of the syndrome than is possible with total division of the relevant tracts. Further evidence is also gathered from those patients who had the incisions made in the neighbourhood of these tracts, and yet had no disturbance of bladder function.
Chronic Effects of Partial Division of the Tracts Bilaterally
The following case shows that bilateral lesions anterior to the region shown in Fig. 6 do not cause the complete syndrome.
Case 21.-Mr. M. had a bilateral cordotomy for the pain due to a chondrosarcoma of the ilium. Although the operation was bilateral, the incision on the left side of the cord was made purposely superficial and somewhat anterior. Following operation there was complete analgesia throughout the left side of the body below the ninth thoracic dermatome, and hypoalgesia on the right side of the body below the ninth thoracic dermatome. For the first week after the cordotomy there was complete retention of urine. By the end of the first fortnight, however, except for some frequency of micturition, bladder functioning was normal. He could micturate without straining and he could stop micturating in the middle of the act; he could hold urine for half an hour or more after feeling some desire to micturate. This state continued for five months. After this time, it was seen through the cystoscope that the base of the bladder was involved in the spreading tumour; and so further conclusions on bladder functioning could not be attributed solely to the lesions in the spinal cord. The lesions in the cord of this case are shown in Fig. 7 preparation).
Transverse section through lesion (Weig L concerned with the conscious control and coordination of bladder functioning. Degeneration in fibres to the sacral micturition centre is accompanied by degeneration in descending fibres to the neurones for the lower limbs. But as the neurones for the limbs are situated mainly cranial to the third sacral segment, there are, among those degenerating fibres still present at, and caudal to this segment, the fibres concerned with micturition, defaecation, and the pelvic musculature. In our series of cases only a few fibres are to be seen at F8 these levels; and even in the cases in which the gert Pal cordotomies were performed in the lumbar region more fibres are not seen. This reduction in the patient developed no disturbance of micturition of any sort; he never had to be catheterized, he could start and stop micturition when he wanted, and he passed a normal amount of urine at normal intervals of time. The lesions in the cord are shown in Fig. 8 . It will be seen that the equatorial plane is not involved, with the possible exception of a few fibres on the right side.
Thus Cases 21 and 22 serve to show the boundaries of this region where the centrifugal fibres are thought to run. In Case 21 the lesion on the right side is at the anterior limit of the region; and in Case 22 both lesions probably lie just posterior to it. Other cases with lesions not involving this region of the spinal cord showed no disturbance of micturition or its conscious control.
In a previous paper (Nathan and Smith, 1951) on the afferent pathway from the bladder, we showed that the afferent pathway lies in the same region as that which we are now proposing for the efferent pathway. In one patient, Case 11, there was clinical evidence of bilateral division of the afferent tract with only partial involvement of the efferent pathway. The lesions in the cord, shown in Fig. 9 , involved the lateral part of the region shown in Fig. 6 . Thus, this one case may be regarded as evidence suggesting that the centripetal pathway lies lateral to the centrifugal pathway.
We have now shown where the tracts lie in the cervical, thoracic, and lumbar regions of the cord. It remains to consider their position in the sacral region. Fig. 10 shows the distribution of the degenerating fibres in the lower lumbar and the sacral segments, following a unilateral cordotomy in the third cervical segment. Degenerating fibres are seen in the lateral column of the lumbar section and considerably fewer fibres are to be seen in the same region of the sacral segments. When a comparison is made between this case and other cases with lesions involving slightly different parts of the lateral columns, it is seen that the more anterior of the degenerating fibres shown in Fig. 10 number of fibres between the lumbar and sacral regions may seem surprising. The reasons for the small number of degenerating fibres are probably the following. As is well known, the degeneration of the terminal parts of the axon is completed much sooner than that throughout the rest of the axon, and so the terminal parts cannot always be seen in those cases where degeneration can be traced throughout the rest of the tract. Also, it could be that a few of the centrifugal fibres relay in the grey matter of the cord between cervical or thoracic segments and the sacral segments; in this case, there would be no degeneration in the axons having their cells of origin caudal to the axons divided in the cordotomy lesion.
Chronic Effects of Division of Tracts Unilaterally
The clinical picture resulting from division of the tracts on one side of the cord can now be given; for in certain cases it can be shown histologically that the relevant tracts have certainly been divided.
All patients who had the pathway subserving control of micturition divided unilaterally had no disturbance of voluntary control. Thus, one may conclude that a tract on one side of the cord is enough to ensure the normal function of starting and stopping micturition. (Needless to say, this statement is true only if the peripheral pathway and the structures, such as the bladder, urethra, and levatores ani, are themselves free from abnormalities.) Normal voluntary control is not necessarily present for the first four or five days after the cordotomy; for during this time (and immediately after any operation on the spinal cord) there may be retention of urine. But after a few days normal control is regained.
All patients who had the pathway subserving the postural and reflex activities of the bladder divided unilaterally showed an alteration in these functions. (Fig. 1 A) made before the operation is essentially normal; and the patient had no history to suggest any sort of abnormality of bladder functioning. Immediately after the operation, he had almost complete retention of urine; after an injection of carbaminoyl choline, he passed 120 ml., but a further 800 ml. remained in the bladder and had to be removed by catheter. For five days he was treated by tidal drainage. On the sixth day, he had a definite normal desire to micturate, he strained, and urine was passed beside the catheter. Tidal drainage was discontinued. Micturition from this time was apparently normal. The patient had a normal desire to micturate, he could feel urine passing and could feel the muscles of his perineum acting. He could micturate without straining, could start when he wanted to, and could stop in the middle of the act. The cystometrogram (Fig. llB) made a fortnight after the operation is, however, far from normal. This is the typical cystometrogram of Stage II. On every occasion that the pressure rose, the patient had the desire to micturate, but felt it unilaterally. (This feature was described in our previous paper, 1951.) That he could control micturition is reflected in the rise of pressure to 20 cm. when he was told to try and micturate. The comparison between the cystometrograms performed before and after the operation is striking. After the operation, the smooth slowly rising curve of the normal has gone, the base line, such as it is, is raised throughout, and spontaneous contraction occurs repeatedly, starting when there is less than 50 ml. of fluid in the bladder. When this cystometrogram was made, the patient was unaware of having any disorder of bladder functioning, for he could control micturition normally. But the division of the pathway unilaterally has disturbed normal bladder tone and has heightened the micturition reflex so that it is triggered off by inadequate stimulation.
Thus unilateral division of the centrifugal tract conveying impulses serving to inhibit bladder tone gives a change in vesical pressure-a change similar to but less than that which follows bilateral division of the tract. This might have been expected. For presumably less impulses arrive at the sacral centre from the centres in the brain, and so the total behaviour of the bladder resembles more nearly that of the bladder in cases of total cord division.
Cases of thrombosis of the posterior inferior cerebellar artery also show the syndrome of division of the tracts unilaterally. Although we have naturally not had the opportunity of performing cystometrograms before the thrombosis in such cases, cystometrograms performed after the thrombosis are similar to that given in Fig. llB . The patient is usually unaware of any abnormality of bladder function, but the pressure is abnormally high, and the micturition reflex tends to occur frequently and with a relatively small amount of urine in the bladder. It is clear from such cases that in the medulla oblongata the fibres associated with the postural and reflex activities of the bladder must lie somewhere in the region between the inferior cerebellar peduncle and the olive, lateral TOTAL AMOUNT 500 ML. (1933, 1948) found the tracts run in the same region in the cat. Czyhlarz and Marburg's (1900) suggestion that these descending fibres run in man in the neighbourhood of the cortico-spinal tract is supported by our evidence, but their belief that " in order to get permanent disorder of bladder function " both cortico-spinal tracts have to be damaged to a large extent was not justified by our experience. Langworthy and Lewis's (1935) conclusion from two cases of disseminated sclerosis without post-mortem evidence that these tracts probably run in the lateral columns of the spinal cord in the neighbourhood of the cortico-spinal tracts is shown to be correct.
We observed in some patients more evidence of recovery than occurs after total division of the cord. Foerster and Gagel (1932) and Foerster (1936) state that they found this also. They concluded that there PAl H WAY FOR MICTURITION WITHIN SPINAL CORD of the act, as he may have that kind of micturition which needs straining to be kept up throughout the act; if he ceases to strain, he ceases to pass urine; but he has lost the normal active contraction of the perineal muscles and sphincters that is needed to interrupt micturition in the normal way. If in any patient there is definite evidence that the recovery of bladder function has gone beyond what is possible with total division of the pathways subserving micturition in addition to the aid provided by an otherwise intact nervous system, then one is justified in believing that some pathways are intact. It is more reasonable to suppose that the fibres which have not been divided lie immediately adjacent to the area of the lesion made at operation than to conclude that they do not lie in the anterior or the antero-lateral columns as Foerster did. The reason for saying this is that all the patients we have seen went through the typical stages of bladder function that occur following complete division; if some then recovered to a more normal condition, it would seem that originally all the fibres were affected, but that some on the periphery of the lesion were only temporarily put out of action.
It might be objected to our argument that as in almost all our cases the centripetal pathway in the cord was divided at the same time as the centrifugal pathways, it is wrong to attribute all the effects we have described to the division of the centrifugal pathways, for they might be due to an inadequacy of information on the state of the bladder being received at the centres cranial to the spinal cord. But this objection seems to us to be invalid for three reasons. The behaviour of the bladder following division of these tracts is identical with that of somatic musculature following division of the relevant descending tracts. Both show a period of spinal shock, followed by a period of reflex hyperactivity and spasticity, and both show paralysis or severe paresis of consciously controlled movements. It is known that these effects on the somatic musculature result from the removal of the influence of the descending tracts. Further, the fact that in those cases in which the relevant tracts were cut unilaterally there was an increase in the tone of the bladder musculature would tend to implicate the descending tracts as responsible for these changes rather than the centripetal tracts; for it seems very likely that one afferent pathway intact on one side of the cord would suffice to convey information from the bladder to cerebral centres adequate for the normal coordination and control of micturition. Finally, Case 11, of which the cord is shown in transverse section as Fig. 9 , is important from this point of view; for this patient never regained the normal desire to micturate, the afferent pathways being divided, yet the tone and the reflex activities of the bladder returned to normal; and so here we had a case showing division of the spinal afferent pathways with normal bladder posture and coordination.
Summary
The location within the human spinal cord of the tracts subserving conscious control of micturition and the tracts subserving coordination of bladder functioning is determined.
These tracts are within the lateral column throughout the length of the spinal cord. Their approximate location is on an equatorial plane reaching from one periphery of the cord to the other, and passing through the central canal.
